Whitefly-transmitted geminiviruses have bipartite genomes of circular ssDNA encapsidated in geminate particles (Harrison, 1985) ; the genomes of several such viruses have been sequenced (Stanley & Gay, 1983; Hamilton et al., 1984; Howarth et al., 1985; Morinaga et al., 1987) . Double-stranded DNAs, presumed to be intermediates in the replicative cycle, have been isolated from infected plants and shown to be infective (Ikegami et al., 1984 (Ikegami et al., , 1986 . Cloned dsDNAs of bean golden mosaic virus (BGMV; Morinaga et al., 1983) , tomato golden mosaic virus (TGMV; Hamilton et al., 1983) and African cassava mosaic (= cassava latent) virus (Stanley & Townsend, 1985) were infective when cut at the cloning sites by restriction enzymes. In this paper we show that a mixture of uncut cloned tandem dimers of each component of BGM¥ DNA is infective.
BGMV was obtained from Dr R. M. Goodman, Calgene, Davis, Ca., U.S.A. and maintained by inoculations every 2 weeks to the expanding primary leaves of 9-day-old beans (Phaseolus vulgaris cv. 'Top Crop'). Virus was extracted and purified as described by Goodman et al. (1977) . The ssDNA was isolated from purified particles by treatment with Pronase in SDS and extraction with phenol-chloroform (Ikegami & Francki, 1975) . Cellular DNA extracts were prepared as described by Hamilton et al. (1982) . Tandem dimers of each component of BGMV dsDNA were constructed using pBGC6 and pBGH1 (Morinaga et al., 1983) . pBGC6 has one unit of BGMV DNA-1 inserted in pBR322 at the ClaI site and pBGH 1 is a recombinant plasmid which has one unit of BGMV DNA-2 inserted in pBR322 at the HindlII site. Ten gg each of pBGC6 and pBGH1 were partially digested with 1 unit of ClaI and HindlII respectively at 37 °C for 10 min. The digests were electrophoresed in 1% agarose gels and partially digested DNA fragments (7.0 kbp for pBGC6 and 6.9 kbp for pBGH1) were isolated from the corresponding DNA bands in the agarose gel. The DNAs were electroeluted from the gels and purified by phenol-chloroform extractions followed by ethanol precipitation. Approximately 0.1 gg of partially cleaved DNA of 7.0 kbp and 0.1 p.g of linearized BGMV DNA-1 (2.65 kbp), cut from pBGC6 at the ClaI site, were ligated with 0.2 units ofT4 DNA ligase at 14 °C for 16 h. Partially cleaved DNA of 6.9 kbp and linearized BGMV DNA-2 (2.58 kbp), cut from pBGH1 at the 0000-7942 © 1988 SGM HindlII site, were also ligated in this way. Cells ofEscherichia coli HB 101 were transformed with the ligated DNAs according to the procedure of Mandel & Higa (1970) . Ampicillin-resistant transformants were screened by colony hybridization (Grunstein & Hogness, 1975 ) using probes of 32p-labelled cDNA to viral ssDNA prepared by the random primer procedure (Taylor et al., 1976) . Analysis of plasmid DNAs by endonuclease digestion showed that of 10 transformants three had plasmids with two units of BGMV DNA-1, three contained two units of BGMV DNA-2 and one contained three units of BGMV DNA-2. One of each of the plasmids containing two units of DNA-1 or two units of DNA-2 were selected and designated pBG5005 and pBG2002 respectively. DNA-DNA hybridization was carried out either on nitrocellulose blots of 1 ~ agarose gels (Southern, 1975) or with dot blots as described by Kafatos et al. (1979) and used the 32p-labelled probes described above. The pattern and sizes of restriction fragments of pBG5005 and pBG2002 are shown in Fig. 1 and Table 1 . Treatment with enzymes that cut within the inserts yielded fragments with the same (allowing for double representation of some) combined size (9.7 kbp) as those resulting from treatment with enzymes such as PstI, which linearized the plasmids. The fragments were as expected for direct (head to tail) repeats; thus digestion with BgllI produced fragments of 7.0 kbp and 2.65 kbp. Fig. 2 shows the physical maps of pBG5005 and pBG2002. Although we reported that the ClaI site in BGMV DNA-1 was in the 940 bp HindlII fragment (Morinaga et al., 1983) , nucleotide sequencing (Morinaga et al., 1987) has since shown that the ClaI site is in the 1720 bp HindlII fragment as shown in pBG5005 (Fig. 2) . All the cloned dimers were found to be direct repeats.
When bean leaves were inoculated with mixtures of uncut pBG5005 and pBG2002, yellow mosaic symptoms developed that were typical of BGMV infections; a total of 11 of 15 plants in three experiments developed symptoms. We could also detect viral DNA from such leaves with yellow mosaic symptoms by dot blot hybridization tests. Symptoms developed in both types of inoculated plants at similar intervals after inoculation. Plants inoculated with only pBG5005 or pBG2002 did not develop symptoms and no viral DNA was detected in the leaves by dot blot hybridization. When bean leaves were inoculated with the cloned and linearized BGMV DNA, a total of five of 15 plants in three experiments developed symptoms. Uncut tandem dimers were more infectious than the cloned and linearized BGMV DNA.
Virus particles purified from plants inoculated with mixtures of pBG5005 and pBG2002 were indistinguishable from virus particles from conventionally inoculated plants by their sedimentation position in sucrose gradients, their geminate appearance in an electron microscope and in gel immunodiffusion tests with rabbit anti-BGMV serum (homologous titre 1/64). Virus from the two sources in adjacent wells formed precipitin lines that fused at their point of contact. DNA extracted from either source of virus particles and analysed by electrophoresis in polyacrylamide gels formed identical bands of circular and linear ssDNA. Southern blots of DNA from plants inoculated with BGMV or a mixture of pBG5005 and pBG2002 showed the same four bands (Fig. 3) extracts with nuclease S1 (1 unit/~tg of DNA) in 10 mM-sodium acetate pH 5.0, 5 mM-magnesium sulphate, 0.5 mM-ZnC12 at 37 °C for 2 h before Southern blot hybridization eliminated hybridization to band 4, thus demonstrating that it was ssDNA. In a preliminary experiment, the dsDNA in bands 1, 2 and 3 was electroeluted from the agarose gel, purified by urea-PAGE and, after extraction from the gel, examined by electron microscopy (Hamilton et al., 1982) . The dsDNA in band 1 was composed of circular molecules with a mean contour length of 1.78 + 0.18 rtm (n = 100 molecules). The dsDNA band 2 (apparent size 2-6 to 3.0 kbp) contained both relaxed circular dsDNA and linear dsDNA with a mean contour length of 0-89 + 0.09 ~tm (n = 100 molecules). Band 3 DNA was composed of covalently closed circular molecules with a mean contour length of 0.89 ___ 0.09 ~tm (n = 100 molecules). Circular DNA molecules of ~bX174 (5386 nucleotides; Sanger et al., 1978) , included as an internal standard, had a mean contour length of 1.91 + 0.20 ~tm (n = 100 molecules). From these results, the dsDNA in band 1 appeared to be twice the length of BGMV DNA and the dsDNA in bands 2 and 3 appeared to be unit-length viral DNA. This order of electrophoretic mobilities of BGMV-specific ssDNA and dsDNA is similar to that of the virusspecific DNA formed in TGMV-infected leaves (Hamilton et al., 1982) . When nucleic acid preparations from either type of infected plant were digested with HindlII, which cleaves BGMV DNA-1 twice and BGMV DNA-2 once, and with nuclease S1, three products of 2.6 kbp, 1.6 kbp and 1.0 kbp were obtained.
From these results, we conclude that the mixture of uncut cloned tandem dimers of each component of BGMV was infective and that the virus-specific ssDNA and dsDNA formed in the infected leaves were the same as those formed during conventional BGMV infection. It is therefore likely that the pBR322 sequence in the cloned DNA is eliminated by recombination after which BGMV DNA is efficiently replicated and expressed. Lebeurier et al. (1982) have demonstrated intramolecular recombination between cauliflower mosaic virus (CaMV) DNA molecules in a (partially defective) tandem dimer clone of CaMV DNA in infected cells.
In our previous work, we were unable to detect ds circular DNA molecules of greater than unit-length in BGMV-infected tissue (Ikegami et al., 1981) . In the experiments reported in this paper they may have been detected because we used a different purification procedure for dsDNA. The presence of such two-unit dsDNA in BGMV-infected leaves may have been due to concatemeric dsDNAs being intermediates in the replication of unit-length viral ssDNA or because twice unit-length DNA is encapsidated and replicated in infected leaves. Virus particles extracted from plants inoculated with tandem dimers of BGMV DNA contained only unitlength ssDNA; thus the twice unit-length DNA in such leaves may be intermediates in the replication of unit-length viral DNA. Perhaps the twice unit-length ssDNA arose by inefficient DNA cleavage during a rolling circle mechanism of DNA replication. Dimer ssDNA has been reported in leaves infected with ACMV (Stanley & Townsend, 1985) . Geminiviruses have been considered as potential vectors for plant genomic manipulation (Hull, 1985) . Cloned tandem dimer DNA might be useful in such work with BGMV because the tandem dimers infect host plants efficiently.
